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Abstract 
A steady increasing trend towards millimetre waves (mm-
waves) for next generation communication has initiated an 
intensive research in the field of mm-wave antenna 
technologies. Reflectarray antennas being one of the potential 
candidates offer significant advantages over parabolic and 
phased array antennas at mm-wave bands. In a well-designed 
reflectarray, the overall performance is mainly determined by 
its comprising unit cell(s). Most of the recent reflectarray 
designs are based on printed microstrip technology. It is well 
known that surface waves get generated in printed microstrip 
technology and contribute to loss in the radiated signal power 
in the intended direction. This paper analyses the effect of 
surface waves in the reflection properties of a printed 
microstrip millimetre wave reflectarray unit cell. The 
analytical results are compared with measured data at 32 GHz 
and an excellent agreement was observed. It was observed 
that surface waves, though generally considered to have 
malign effects in antennas, play a significant positive role in 
the reduction of reflection loss magnitude at unit cell level. 
1 Introduction 
Next generation wireless communication networks are to 
utilize the millimeter wave (mm-wave) spectrum and 
advanced antenna technologies for high throughputs in terms 
of increased data transfer rates [1, 2]. Poor propagation 
characteristics including atmospheric absorption, rain 
attenuation, reduced reflection and refraction associated with 
certain mm-wave bands [3] necessitate the use of high gain 
antennas for a reliable link operation. At mm-wave bands the 
power division and feeding mechanisms used to implement 
beamforming become prohibitively lossy particularly in the 
case of large arrays [4]. Due to tiny individual mm-wave 
antenna exhibiting low gain, an increasingly high number of 
radio frequency (RF) chains become practically extremely 
difficult to implement. Therefore, an antenna system which 
can reduce the number of RF chains and provide high gain is 
very desirable at mm-waves. At mm-waves a balanced hybrid 
of beamforming and spatial multiplexing techniques is 
required to enable high throughputs [5-7].  
Reflectarray antennas by combining the best features of 
reflector and phased array technologies can provide such a 
solution.  They can easily achieve high gains as well as greatly 
reduce the number of required RF chains by implementing a 
fewer number of feeding source antennas (mainly only one). 
Therefore difficulties arising due to complex beamforming at 
mm-wave bands are resolved. Multiples of such reflectarray 
antennas implemented using various compact configurations, 
when combined to form massive antenna structures, can 
provide the additional features of multiple input multiple 
output (MIMO) spatial multiplexing to facilitate hybrid 
beamforming and can also enable full dimensional MIMO 
architectures. Moreover, these reflectarrays can be made smart 
at reduced complexity and cost to incorporate the advanced 
futuristic features to be supported by next generation 
networks. Therefore, advanced reflectarray antennas are 
expected to play a significant role in next generation 
communication networks.  
Modern reflectarrays are planar in nature and mainly rely on 
microstrip printed technology. A reflectarray is composed of a 
large number of unit cells. In a well-designed reflectarray, the 
unit cell characteristics manifest a domination of properties at 
the reflectarray level [8]. Therefore, in a reflectarray design 
much of the attention is focused at the design of its comprising 
unit cells. A reflectarray can contain various types of unit cells 
to provide the required performance. In a simplified 
reflectarray all unit cells can be essentially similar in shape 
and can benefit from reflection phase control techniques to 
facilitate the required reflection properties.  
Owing to the fact that a unit cell, in a printed microstrip 
reflectarray, in itself is a geometrical reflecting surface 
separated by a ground plane by the substrate thickness. In this 
configuration, at least the lowest order surface wave mode gets 
excited even for electrically thin substrates [9]. The generation 
of higher order surface wave modes depends on substrate 
parameters. Usually, the presence of surface waves is 
considered deleterious to antenna performance in terms of 
reduced radiation efficiency, poor sidelobes, deteriorated 
shape of the main beam, and mutual coupling in arrays [10]. A 
significant amount of literature, for instance [11-15], addresses 
the issue of surface waves reduction in printed microstrip 
antennas, based on several techniques. 
However, the role of surface waves in reflectarrays and its 
corresponding unit cells has attracted little attention. This is 
due to the reason that most of the unit cell designs to date are 
based on the full wave electromagnetic (FW-EM) simulation 
software for instance [16-22]. Although, the effects of surface 
waves get accounted for in such an analysis, the contributions 
of surface waves in the reflection properties of a unit cell were 
not fully addressed analytically before. In the past most of the 
efforts remained focused to suppress surface waves in printed 
antennas, nonetheless the surface waves may be useful in 
certain ways under certain conditions. To understand the 
influence of surface waves in a unit cell an analytical model, 
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which can reliably predict the unit cell behavior in the 
presence and absence of surface waves is necessary. This work 
is unique in its nature to address the impact of surface waves 
in the reflectarray unit cell reflection properties. We have 
presented an analysis of surface waves in relation to unit cell 
reflection performance. 
Section 2 presents the analytical solution procedure for a unit 
cell. Surface waves, surface wave efficiency, and their impact 
on radiation quality factor are the subject of section 3. Effects 
of fringing fields, metal surface roughness, and surface waves 
on unit cell reflection properties are discussed in section 4, 
where simulated results are compared with the measured data. 
Section 5 concludes this contribution. 
2 Unit Cell Analytical Solution  
A well-known method to test the unit cell performance is to 
place it inside a waveguide to model periodic boundary 
conditions. The unit cell can be modelled by a resonator. 
When such a unit cell resonator is placed inside a dominant 
mode waveguide as shown in Fig. 1, the reflection coefficient 
(), using coupled mode theory and perturbation technique, 
can be modeled as [23]:  
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where s is the forward traveling wave in the waveguide setup 
by an excitation source vs having impedance Z0, and s is the 
backward travelling wave after reflection from the resonator, f0 
is center frequency and f is the frequency of interest on either 
side of f0. Finally Q0 is the combined quality factor 
representing conductor and dielectric losses, whereas Qext is 
the radiation quality factor incorporating the surface waves’ 
effect.  
At resonance in the over coupled region [23, 24] the reflection 
coefficient is real and have zero phase shift. Whereas, the 
resonator phase response on either sides of the resonance; 
while considering the covered and uncovered area by its 
reflecting patch, is given as 
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where Ares is the area covered by the resonator (reflecting 
patch), AUC is the area of unit cell, λsub(f) is the substrate 
wavelength at frequency of interest, and h is substrate 
thickness.    
For the characterization of a unit cell it is necessary to find 
distinct quality factors. Q0 models the combined losses due to 
metal finite conductivity [25, 26] and substrate loss tangent 
[10]. Particularly at mm-waves, the conductor surface 
roughness lowers its conductivity; therefore effective 
conductively should include this effect. In printed circuit 
boards (PCB), this can be improved by plating to achieve 
mirror like smooth conductor surface. In a simplified case it 
can be equivalent to the copper conductivity; however, for the 
model to be valid at mm-wave bands one need to consider 
various factors contributing to the effective conductivity as 
specified by the PCB supplier/manufacturer [27].   
Radiation quality factor Qrad  is related to Qext by the surface 
 
Fig. 1. Unit cell resonator coupled to a waveguide with external excitation 
source (dominant mode). The incident wave is represented by
s
, the reflect 
wave is represented by 
s
 and the reflection coefficient of unit cell is 
represented by  . 
wave efficiency (discussed in the next section). Qrad is ratio of 
total stored energy Wstored  under the patch to the total radiated 
power Prad as given by Equation (4). Finding Qrad requires the 
knowledge of electromagnetic behavior of the radiating patch 
and the geometry of housing dominant mode waveguide. It is 
to be noted that wave incident angle in waveguide is 
considered in finding expressions for Qrad. These expressions 
are different for parallel plate (TEM) and rectangular 
waveguide (TE10) cases. Simplified expressions for  radiated 
power and stored energy, based on cavity model of patch 
antennas are given by [28]. However for other patch shapes 
the procedure specified in [29] can be followed.    
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3 Surface Wave Effects 
Surface wave TE and TM modes can get excited on a 
grounded substrate. The corresponding cut off frequency of 
these modes is represented by [30, 31]: 
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where c is the speed of light, εr is substrate relative dielectric 
constant, n = 1,3,5…. for TEn modes and n = 0,2,4… for TMn 
modes. The lowest order surface wave mode, known as TM0 
mode, has a zero cutoff frequency and it can get generated for 
any substrate thickness. However, for thin substrates h < 
0/100 the effect of surface waves is negligible. At mm-waves 
where wavelength is considerably short, most of the 
commercially available substrates become electrically thick.  
As the substrate thickness increases, more surface wave modes 
can exist and coupling to the lower order modes can become 
stronger, thereby reducing the radiated power in the desired 
direction, an effect considered detrimental in printed antennas 
to date. To limit the surface wave modes to only the lowest 
mode i.e. TM0 by avoiding the higher order modes, the 
substrate thickness should meet the following condition: 
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Surface waves are function of substrate parameters at the 
operating frequency and not a strong function of radiating 
geometry of the patch or the way it is excited. Therefore, the 
surface wave efficiency (η) defined as follow can be 
approximated without the knowledge of actual physical shape 
of the printed antenna:  
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where Pd|rad is the radiated power by an infinitesimal dipole, 
Pd|sw is the power wasted due to surface waves excitation.   
Radiated and surface waves powers were modelled in [32] for 
an infinitesimal dipole on a grounded infinite substrate of 
thickness h. Here only the final results are retained for 
completeness as follows:     
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where μr is relative permeability of substrate material and 
expressions for x0,  x1 are given in [32]. These results were 
derived by [30-32] for printed dipoles and were considered 
equally valid in reflectarray design at mm-waves in [33]. 
The expression for Pd|sw is valid for relatively thin substrates 
satisfying the following conditions subject to a relatively low 
or high value of dielectric constant of the substrate:  
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To illustrate the effect of surface waves generation, Fig. 2 
displays the radiation efficiency for various dielectric constant 
substrates as a function of substrate thickness by limiting the 
substrate thickness to allow for the lowest surface wave mode.  
The h/0 scale is also shown for comparison. For high 
dielectric constant materials, the surface waves get generated 
for even relatively thinner substrates as compared to low 
dielectric constant materials. In graphs shown, η appears to be 
increasing after the minima points in the curve, which is not 
the actual case because expression for Pd|sw starts to deviate 
and the next higher order surface wave mode begins 
propagation near these regions [32]. A key result indicated by 
Fig. 2 is the surface waves take away a significant amount of 
power for high dielectric and/or electrically thick substrate 
materials and therefore result in reduction of radiation 
efficiency.   
To incorporate the effect due to surface waves, the value of 
Qrad is modified by the surface wave efficiency i.e. Qrad  
Qrad|sw which is represented by Qext as follows: 
extrad QQQ
swrad
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 For an infinite substrate the surface wave power does not 
contribute to the radiated main beam and is similar to the loss 
mechanism. However, as a practical case of a finite substrate 
size, the surface waves diffract at substrate edges. 
Additionally, surface waves can get diffracted by or coupled to 
feed lines and components on the substrate [30]. At the 
substrate edges, in addition to partial reflections these 
diffracted surface waves are radiated and are usually 
considered to deteriorate antenna sidelobe levels, polarization 
purity, and/or main beam shape. Undesired radiations due to 
surface waves can be minimized by various techniques found 
in the literature. For instance by etching hole patterns in the 
ground plane [9], using the etched photonic bandgap patterns 
[14, 15], introducing an equivalent magnetic ring by shorting  
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Fig. 2. Surface wave efficiency for various substrates at 32 GHz. 
vias [11-13], metal patterns shorted by vias [9], by filling the 
hole in substrate underneath the radiating geometry by a 
suitable dielectric constant material [13], and by limiting the 
substrate area [10]. 
In most of the scenarios surface wave radiations are 
considered to have detrimental effects in antennas. However, 
in the case of a single patch with limited substrate area, the 
surface wave radiations can add constructively. For an 
individual reflectarray unit cell this constructive behavior can 
be represented by a reduction in unit cell reflection loss 
magnitude.   
4 Unit Cell Performance Characterization 
This paper analyses simulations against measured performance 
of a unit cell containing a resonant rectangular patch at 32 
GHz on Rogers RO3010 with these parameters;  tan = 
0.0035, r = 10.2, metal thickness  18 m, substrate thickness 
up to 20 mil, copper conductivity  = 5.85  107 S/m, metal 
surface roughness Rrms = 0.29 m, fixed patch width W = 2 
mm. A standard WR28 rectangular waveguide with metallic 
walls and TE10 mode was considered in the analysis. 
Reflection loss versus frequency for various cases 
(smooth/rough conductor, fringing fields, & surface waves) is 
plotted in Fig. 3(a) to (c) for 5, 10 and 20 mil thick substrates 
respectively.  For thin substrates the effect of fringing fields on 
reflection loss magnitude is negligible. As the substrate 
thickness increases, stronger fringing fields are encountered 
and their contribution to reflection loss increases. This result is 
in line with the well understood characteristics of fringing 
fields. Surface roughness has a significant impact on reflection 
loss at mm-wave bands and results in an increased reflection 
loss. It is worth mentioning here that we have only considered 
the conductivity change due to a rough surface. However, high 
roughness values may lead to an increased inductance at mm-
waves, a generally undesired effect not encountered at lower 
frequencies. Therefore, designer need to choose relatively 
smoother conductor surfaces at mm-wave designs.  
An interesting observation from Fig. 3 is that the surface 
waves are found to have constructive effects on the reflection 
loss, resulting in a lower reflection loss. For relatively thick 
substrates, this effect is more pronounced. In Fig. 4, the 
difference of reflection loss magnitude for two cases is plotted 
to indicate the impact of surface waves alone at 32 GHz.  
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Reflection loss curves for 5 and 10 mil thick substrates are 
compared with measured data from [24] at 32 GHz in Fig. 5. 
The analytical results considering the surface wave effects 
agree with measured data very closely. It should be noted that 
the reflection loss curve has a very sharp slope near the critical 
coupling region as can be observed at substrate thickness h ≈ 4 
mil. Due to this sharp slope, the contribution of surface waves, 
although being small at lower substrate thickness values, 
appears to be pronounced near the critical coupling region 
where a very slight change in abscissa produces a very large 
change in the ordinate. As a practical case of interest, the 
reflectarray unit cells are designed to operate in the over 
coupled region, well away from this critical coupling region. 
Therefore, in the over coupled region, where the reflection loss 
curve’s slope is relatively small a general trend of surface 
waves can be observed in Fig. 4. The surface wave 
contribution is higher for thicker substrates, which results in 
reduction of reflection loss in our analytical study of a unit cell 
on a finite substrate.   
This important result for surface wave constructive 
interference in reflectarray unit cells can be exploited to 
reduce the overall loss in a reflectarray provided a mechanism 
to avoid mutual coupling due to surface waves can be 
introduced in the array design. However, exploring such a 
technique is not the objective of this paper. 
It is expected that reflection phase curves would present a 
difference in their characteristics due to the effect of surface 
waves. We have analyzed the reflection phase response in Fig. 
6, for 5, 10, 20 mil thick substrates. It is noted that reflection 
phase curves for cases without surface waves are in good 
agreement and there is hardly any difference seen even for  
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Fig. 3a. Reflection loss of unit cell on 5 mil thick RO3010 at 32 GHz 
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Fig. 3b. Reflection loss of unit cell on 10 mil thick RO3010 at 32 GHz 
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Fig. 3c. Reflection loss of unit cell on 20 mil thick RO3010 at 32 GHz  
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Fig. 4. Differential reflection loss contribution due to surface waves alone.  
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Fig. 5. Comparison of measured and analytical maximum reflection loss 
magnitude for 5 and 10 mil thick RO3010 substrate at 32 GHz 
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Fig. 6. Reflection phase response of unit cell on RO3010 substrate. 
relatively thick substrates. Solid-red curves indicate the case 
with surface waves included in analysis for each thickness 
value shown. For electrically thin substrates the surface waves 
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5 
have negligible effect on reflection phase. However, as the 
substrate thickness increases, there is significant deviation in 
phase due to surface waves as is evident from the 20 mil thick 
substrate curve.   
5 Conclusion 
An analysis procedure is presented for the analysis of a mm-
wave unit cell which incorporates the effects of fringing fields, 
metal surface roughness, and surface waves. It is the first in 
depth study on surface waves in reflectarray unit cells to 
provide analytical results and a deeper insight of unit cell 
behavior in relation to surface waves. Through various 
analysis and comparison with measured data it was proved that 
surface waves can exhibit constructive interference in a 
reflectarray unit cell to improve the reflection loss magnitude. 
This important result can be used in reflectarray design to 
reduce overall loss in gain, provided an effective technique to 
confine the surfaces waves in the unit cell area is introduced, 
thereby limiting the mutual coupling due to surface waves.   
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